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A®-Tetrahydrocannabinol and Cannabinol Activate
Capsaicin-Sensitive Sensory Nerves via a CB, and CB,
Cannabinoid Receptor-Independent Mechanism
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Although A°-tetrahydrocannabinol (THC) produces analgesia,
its effects on nociceptive primary afferents are unknown. These
neurons participate not only in pain signaling but also in the
local response to tissue injury. Here, we show that THC and
cannabinol induce a CB,/CB, cannabinoid receptor-
independent release of calcitonin gene-related peptide from
capsaicin-sensitive perivascular sensory nerves. Other psych-
otropic cannabinoids cannot mimic this action. The vanilloid
receptor antagonist ruthenium red abolishes the responses to
THC and cannabinol. However, the effect of THC on sensory

nerves is intact in vanilloid receptor subtype 1 gene knock-out
mice. The THC response depends on extracellular calcium but
does not involve known voltage-operated calcium channels,
glutamate receptors, or protein kinases A and C. These results
may indicate the presence of a novel cannabinoid receptor/ion
channel in the pain pathway.
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Marijuana contains a mixture of different cannabinoids, of which
A°-tetrahydrocannabinol (THC), the major psychoactive ingredi-
ent, has been characterized extensively with regard to analgesic
and anti-inflammatory effects (Mechoulam and Hanus, 2000;
Pertwee, 2001). The presence of CB; cannabinoid receptors in
the pain pathway may explain the analgesic effects of cannabi-
noids (Zimmer et al., 1999; Morisset et al., 2001; Pertwee, 2001).
However, the well known psychotropic effects of many cannabi-
noids are attributable to activation of CB, receptors and limit
their therapeutic value as analgesics (Pertwee, 2001). Interest-
ingly, some cannabinoids, such as cannabidiol, cannabinol, and
carboxy derivatives of THC, have analgesic and anti-
inflammatory effects despite being weak CB, receptor agonists
(Srivastava et al., 1998; Burstein, 1999; Malfait et al., 2000). The
effect of THC in the hot-plate test is lost in CB, receptor gene
knock-out mice (Ledent et al., 1999; Zimmer et al., 1999), but the
analgesic effect of THC in the tail-flick test is intact (Zimmer et
al.,, 1999). This indicates that THC can induce antinociception
also via a CB, receptor-independent mechanism.

Although CB, receptors are present on a subpopulation of
primary sensory neurons, the effects of THC on pain-sensing
primary afferents have not been examined. In addition to trans-
mitting nociceptive information to the CNS, these nerves also
participate in the local response to tissue injury, including the
release of vasodilator neuropeptides (Holzer, 1992; Szallasi and
Blumberg, 1999). Thus, primary sensory nerves are able to re-
lease neuropeptides, such as calcitonin gene-related peptide
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(CGRP) and substance P, in both the periphery and the spinal
cord (Holzer, 1992; Szallasi and Blumberg, 1999). In the vascu-
lature, this leads to vasodilatation and increased vascular perme-
ability (Holzer, 1992). Isolated arterial segments provide a sen-
sitive bioassay for studying the effects of drugs acting on such
efferent signaling (Hogestatt and Zygmunt, 2002). Initially, using
this bioassay, we planned to study whether cannabinoids, includ-
ing THC and HU-210, inhibit the activity of perivascular sensory
nerve. Unexpectedly, we found that THC itself causes activation
of capsaicin-sensitive sensory nerves. This effect of THC is not
mediated by known cannabinoid receptors and could indicate the
existence of a novel target for cannabinoids in the pain pathway.

MATERIALS AND METHODS

Animals. Experiments were performed on hepatic and mesenteric arter-
ies from female Wistar—-Hannover rats (250 gm) obtained from M & B
(Ry, Denmark) and on mesenteric arteries from male mice (30 gm).
Wild-type mice (C57BL/6J) were obtained from M & B, whereas Pro-
fessor David Julius (University of San Francisco, San Francisco, CA)
generously supplied vanilloid receptor subtype 1 gene knock-out
(VR17/7) mice and their homozygous controls (VR1*/*). The geno-
type (VR1 7/~ or VR1*/*") was not disclosed until the experiments had
been completed.

Recording of tension. The arteries were cut into ring segments and
mounted in tissue baths containing physiological salt solution (PSS) of
the following composition (in mm): NaCl 119, NaHCO; 15, KC1 4.6,
NaH,PO, 1.2, MgCl, 1.2, CaCl, 1.5, and (+)-glucose 6.0. The PSS was
continuously bubbled with a mixture of 95% O, and 5% CO,, resulting
in a pH of 7.4. All experiments were performed at 37°C in the presence
of N S-nitro-L-arginine (300 uM) and indomethacin (10 pM) to eliminate
any contribution of nitric oxide and cyclooxygenase products, respec-
tively. Relaxations were studied in vessels contracted with phenylephrine
(3 wM). When stable contractions were obtained, agonists were added
cumulatively to determine concentration—response relationships. Unless
otherwise stated, the effects of test substances on vasorelaxation were
recorded after pre-exposure of the vessels to the test substances or
vehicle for 30 min. Each vessel segment was exposed to only one treat-
ment. In some experiments, the endothelium was removed by blowing
carbogen through the vessel lumen. Lack of relaxation in response to 10
uM acetylcholine confirmed a successful removal of the endothelium.
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Measurement of CGRP. Segments of rat hepatic or mesenteric arteries
were equilibrated for 1 hr in aerated PSS (95% O, and 5% CO,; 37°C;
pH 7.4) containing N “-nitro-L-arginine (300 uM) and indomethacin (10
uM). After a 20 min preincubation period with test drugs in PSS,
preparations were transferred to Eppendorff tubes containing the test
drugs or vehicle and 0.05% bovine serum albumin in either PSS, nomi-
nally calcium-free PSS (10 um EGTA), or Tris-buffer solution (experi-
ments with lanthanum). The segments were removed after 10 min, and
the solution in the test tubes was evaporated. The amount of CGRP in
the pellet was determined using a rat '**I-labeled CGRP radioimmuno-
assay kit (Peninsula Laboratories, Belmont, CA). The Tris-buffer solu-
tion was of the following composition (in mm): NaCl 134, Trisma base 5
mM, KCI 4.6, MgCl, 1.2, CaCl, 1.5, and (+)-glucose 6.0, pH 7.4.

Calculations and statistics. Relaxations are expressed as percentage
reversal of the phenylephrine-induced contraction. The maximal relax-
ation (E,,) and the log molar concentration of drug that elicited
half-maximal relaxation (pECs,) were calculated using GraphPad Prism
(version 3.00; GraphPad Software Inc., San Diego, CA). When the
concentration-response curve did not reach a plateau, and hence £,
and pECs, could not be determined, the area under the curve was
calculated (GraphPad Prism version 3.00) and used for evaluation of
drug effects. Data are presented as mean * SEM (vertical lines in
figures), and n indicates the number of experiments performed (number
of animals). Statistical analysis was performed using Student’s unpaired
t test (two-tailed) or ANOVA followed by Bonferroni’s test (GraphPad
Prism version 3.00). Statistical significance was accepted when p < 0.05.

Drugs. Phorbol 12,13-dibutyrate (PDBu), 4a-phorbol 12,13-dibutyrate,
and staurosporine (Biomol, Plymouth Meeting, PA); anandamide (Cay-
man Chemical, Ann Arbor, MI); SR141716A (Sanofi Winthrop, Mont-
pellier, France); cannabinol (—)-A°-tetrahydrocannabinol, 11-OH-A°-
tetrahydrocannabinol, and A °-tetrahydrocannabinol-11-oic acid (Sigma,
St. Louis, MO); and capsaicin, capsazepine, ryanodine, and AM251
(Tocris, Bristol, UK) were all dissolved in and diluted with ethanol.
Distilled water or saline was used as solvent for a-latrotoxin, calcicludine,
w-conotoxin GVIA, and w-conotoxin MVIIC (Alomone Labs, Jerusa-
lem, Israel); nimodipine (Nimotop; Bayer, Wuppertal, Germany); indo-
methacin (Confortid; Dumex, Copenhagen, Denmark); L-phenylephrine
hydrochloride, acetylcholine hydrochloride, N G-nitro-L-arginine, caf-
feine, rat CGRP, human 8-37 CGRP, L-glutamic acid, and ruthenium red
(Sigma); CNQX disodium salt, (+)-MK-801, and dantrolene (Tocris);
and SIN-1 hydrochloride (Calbiochem, La Jolla, CA).

RESULTS

THC induces a concentration-dependent relaxation in rat iso-
lated hepatic and mesenteric arterial segments (hepatic artery,
pECsy = 6.3 = 0.1; E, ., = 96 £ 1%; n = 17; mesenteric artery,
PECs, = 6.7 £ 0.1; E,.x = 97 = 1%; n = 6). The effect of THC
does not involve endothelial cells, because THC is equally potent
at relaxing hepatic arteries (pECs, = 6.2 = 0.1; E, ., = 96 = 2%;
n = 5) and mesenteric arteries (Fig. 1) without endothelium. To
investigate whether THC activates capsaicin-sensitive sensory
nerves, arteries were pretreated with 10 um capsaicin for 30 min
to cause desensitization and/or neurotransmitter depletion of
sensory nerves. The effect of THC was tested after washout of
capsaicin for 20 min. As shown in Figure 14, B, THC fails to relax
such arteries. Because CGRP is the main vasodilator released
from capsaicin-sensitive sensory nerves in rat hepatic and mesen-
teric arteries (Kawasaki et al., 1988; Zygmunt et al., 1999), we
tested the effect of the CGRP receptor antagonist 8-37 CGRP on
THC-induced vasorelaxations in these arteries. At 3 um, 8-37
CGREP abolishes the vasorelaxations elicited by THC (Fig. 14,B).
Cannabinol, another naturally occurring cannabinoid, also causes
vasorelaxation (pECsy = 6.2 = 0.1; E ., = 96 = 2%; n = 7),
which is abolished in the presence of 8-37 CGRP or in arteries
pretreated with capsaicin (Fig. 1C). In mesenteric arteries, mea-
surement of CGRP-like immunoreactivity provides direct evi-
dence that THC and cannabinol release CGRP from capsaicin-
sensitive sensory nerves. Thus, THC and cannabinol each release
CGRP compared with basal CGRP levels (basal, 56.4 = 2.4
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Figure 1. The naturally occurring cannabinoids THC and cannabinol

evoke sensory nerve-mediated relaxation of rat hepatic and mesenteric
arterial segments contracted with phenylephrine (PhE). The concentra-
tion-dependent relaxations induced by THC (O) in hepatic (n = 5) (A)
and mesenteric (n = 6) (B) arteries, and those induced by cannabinol
(O) in hepatic arteries (n = 7) (C) are abolished in arterial segments
pretreated with the sensory neurotoxin capsaicin (10 um; ¢; n = 5 and
4 for THC and cannabinol, respectively). The CGRP receptor antagonist
8-37 CGRP (3 wMm; M) also prevents relaxations induced by THC (n = 5
and 6 for hepatic and mesenteric arteries, respectively) and cannabinol
(n = 4). B, As shown by the frace, THC also relaxes the mesenteric ar-
tery without endothelium. The dotted line shows the basal tension level
before addition of PhE. Data are expressed as mean = SEM.

fmol/mg protein; THC, 85.2 * 7.2 fmol/mg protein; cannabinol,
86.7 £ 7.9 fmol/mg protein; p < 0.01; n = 6). When arteries had
been pretreated with capsaicin for 30 min (followed by washout of
capsaicin), THC and cannabinol could no longer evoke release
above basal CGRP levels (THC, 57.7 = 6.5 fmol/mg protein;
cannabinol, 45.7 = 3.5 fmol/mg protein; n = 6). Other cannabi-
noids, such as 11-OH-A°-THC, A°-THC-11-oic acid, and, as
shown previously (Zygmunt et al., 1999), HU-210 and CP 55,940,
do not produce sensory nerve-mediated vasorelaxation (Fig. 2).
The vasodilator effect of THC is not attributable to activation of
CB, receptors, because antagonists of this receptor do not inhibit
the action of THC (Fig. 34,D).

Activation of vanilloid receptors on sensory nerves leads to the
release of CGRP and vasodilatation of rat hepatic and mesenteric
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Figure 2. The vasodilator action of THC and cannabinol is not mimicked
by C11 hydroxy and carboxy derivatives of THC. In humans, THC is
metabolized to 11-OH-A’-THC and A°-THC-11-oic acid (Burstein;
1999), both of which fail to relax phenylephrine (PhE)-contracted rat
hepatic arteries (n = 3). The dashed line shows the basal tension level
before addition of PhE. The structures of the potent CB; and CB,
receptor agonists HU-210 and CP 55,940 are also shown; these agonists
are synthetic derivatives of THC without an intact C11 methyl group.
None of these compounds cause sensory nerve-mediated relaxation in the
rat hepatic artery (Zygmunt et al., 1999).

arteries (Zygmunt et al., 1999). Therefore, we examined the
effects of the vanilloid receptor antagonists capsazepine and
ruthenium red (Szallasi and Blumberg, 1999) on relaxations in-
duced by THC and cannabinol in these arteries. Whereas the
noncompetitive vanilloid receptor antagonist ruthenium red (1
uM) abolishes the relaxation evoked by THC and cannabinol in
hepatic arteries (Fig. 3B,C) and causes a substantial inhibition of
the THC-induced vasorelaxation in mesenteric arteries (p <
0.0001) (Fig. 3D), the competitive vanilloid receptor antagonist
capsazepine (3 uM) is without effect (Fig. 3B-D). In contrast to
THC and cannabinol, anandamide induces vasorelaxation in the
hepatic artery (pECs, = 6.7 £ 0.1; E, .x = 97 = 1%; n = 5) that
is inhibited by capsazepine (p < 0.0001) (Fig. 3E), confirming
that capsazepine does indeed inhibit vanilloid receptors in this
artery (Zygmunt et al., 1999). Ruthenium red (1 um) also pre-
vents the release of CGRP in rat hepatic arteries exposed to 10
uM THC (Fig. 3F). The neurotoxin a-latrotoxin (1 nm), which
causes vasorelaxation via release of CGRP from capsaicin-
sensitive sensory nerves in rat hepatic arteries (Zygmunt et al.,
1999), produces a complete relaxation in the presence of 1 um
ruthenium red (E,,,, = 95 = 1%; n = 5), indicating that the
nerves are still capable of releasing CGRP in the presence of this
inhibitor.

The possibility that THC activates vanilloid receptors in a
capsazepine-insensitive manner was tested in mouse isolated
mesenteric arteries. THC and the vanilloid receptor agonists
capsaicin and anandamide all evoke concentration-dependent
relaxations in this preparation (Fig. 44). These agonists are
active at submicromolar concentrations, with capsaicin (pECs, =
7.8 £0.1; E .x = 91 = 4%; n = 4) being more potent than THC

max
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Figure 3. Effects of CB; and vanilloid receptor antagonists on sensory
nerve-mediated relaxation induced by THC, cannabinol, and anandamide
in rat hepatic and mesenteric arteries. A, The THC-induced vasorelax-
ation in hepatic arteries (O; n = 8) is not inhibited by the CB, receptor
antagonists SR141716A (300 nv; B; n = 5) and AM251 (30 nM; @; n = 4).
Vasorelaxations evoked by THC (O; n = 10) (B) and cannabinol (O; n =
7) (C) are not inhibited by the competitive vanilloid receptor antagonist
capsazepine (3 uMm; @; n = 8 and 4 for THC and cannabinol, respectively)
but are abolished by the noncompetitive vanilloid receptor antagonist
ruthenium red (1 um; B; n = 8 and 4 for THC and cannabinol, respec-
tively). D, In mesenteric arteries, THC-induced relaxations (O; n = 6;
same as in Fig. 1B) are also unaffected by SR141716A (300 nm; @; n = 4)
and capsazepine (3 um; B; n = 4) and are inhibited by 1 um ruthenium
red (A; n = 5). E, Anandamide-induced vasorelaxations in the absence
(O; n = 5) and presence (@; n = 5) of 3 uM capsazepine or 1 uM
ruthenium red (M; n = 4). F, THC (10 um) releases CGRP from rat
hepatic arteries in the absence (n = 6; p < 0.001) but not in the presence
(n = 6) of 1 uM ruthenium red compared with basal CGRP release (n =
5). Data are expressed as mean = SEM.

(PECsy = 6.6 = 0.1; E,.x = 89 = 3%; n = 4) and anandamide
(pECsy = 6.4 = 0.1; E ., = 86 = 3%; n = 4). THC (10 pum) and
anandamide (10 puMm) cannot relax arteries pre-exposed to 10 um
capsaicin or in the presence of 3 um 8-37 CGRP (n = 3-4) (Fig.
4A4). As shown in Figure 4B, THC causes relaxation in mesen-
teric arteries from VR1 /" mice and their control littermates
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Figure 4. THC elicits sensory nerve-mediated relaxation in mouse isolated mesenteric arteries via a vanilloid receptor-independent mechanism. A,
Capsaicin (@), anandamide (V¥), and THC (O) evoke concentration-dependent relaxations of mesenteric arterial segments from wild-type mice
contracted with phenylephrine (PhE; n = 4). Traces, all from separate arterial segments, show that THC and anandamide (4 EA) fail to relax arteries
pretreated with capsaicin (10 uMm; fop traces) or in the presence of 8-37 CGRP (3 uMm; bottom traces) (n = 3—4). This lack of effect of THC and anandamide
is not attributable to the inability of arteries to respond to vasodilators, because CGRP and SIN-1 (a nitric oxide donor) cause complete relaxations. B,
THC induces relaxations of the same magnitude in arteries from VR1 gene knock-out mice (VR1 ~/7; n = 5) and their control littermates (VR1"/*;
n=7).AEA (n = 6) and capsaicin (CAP; n = 4) are equally as effective as THC at relaxing arteries from VR1™/* mice, but they produce only minor
relaxations in arteries from VR1 /" mice (n = 6 and 7 for AEA and CAP, respectively). As shown by the traces, THC also relaxes arteries that
do not respond to either CAP or AEA, indicating that sensory nerves are functional in VR1 ™/~ mice (E,.. = 72 * 3%; n = 13). Data are
expressed as mean = SEM. The dashed lines in traces show the basal tension level before addition of PhE.

(VR1™/"), whereas the relaxant effects of anandamide and cap-
saicin are almost absent in arteries from VR1 7/~ mice.

Ruthenium red is also an inhibitor of the ryanodine receptor
channel present on intracellular calcium stores (Ma, 1993). The
possibility that such an action of ruthenium red is responsible for
its inhibition of THC-induced relaxation was therefore explored.
In rat isolated hepatic arteries, neither 10 um ryanodine nor 10
uMm dantrolene, both of which inhibit the ryanodine receptor
channel and caffeine-sensitive calcium stores at this concentration
(Usachev et al., 1993; Chavis et al., 1996; Zhao et al., 2001), affects
the THC-induced relaxation (THC, pECs, = 6.2 = 0.1; E, . =
98 * 1%; THC plus ryanodine, pEC5, = 6.2 = 0.1; E,,, = 99 =
1%; THC plus dantrolene, pEC5, = 6.2 £ 0.1; E ., = 98 = 1%;
n = 4).

Subsequently, we examined the effect of extracellular calcium
on the CGRP release evoked by THC in rat isolated mesenteric
arteries. Both 10 um THC and 10 mwm caffeine release CGRP
from rat mesenteric arteries when the extracellular calcium level
is normal (Fig. 54). In the absence of extracellular calcium, THC
can no longer release CGRP. However, the ability of caffeine to
release CGRP is unaffected under the same conditions (Fig. 54),

indicating that the intracellular calcium stores remain function-
ally intact in low extracellular calcium. The effect of 1 mm lan-
thanum, which is a nonselective calcium influx inhibitor, on THC-
induced CGRP release was also examined. THC is unable to
release CGRP in the presence of lanthanum, whereas caffeine
responses are not significantly inhibited (Fig. 5B).

Influx of calcium through voltage-operated calcium channels
(VOCCs) present on sensory nerves leads to neurotransmitter
release (Geppetti et al., 1990; Evans et al., 1996; Lundberg, 1996;
White, 1996). Therefore, we tested a mixture of L-, N-, and
P/Q-type VOCC inhibitors on the vasorelaxation and release of
CGRP evoked by THC. Neither relaxation nor CGRP release is
inhibited by either calcicludine (L-, N-, and P-type VOCC inhib-
itor with ICs, values of 1-80 nm) (Schweitz et al., 1994) or
nimodipine (L-type VOCC inhibitor with an ICs, value of ~1
nM) (Godfraind et al., 1986) in combination with w-conotoxin
GVIA and w-conotoxin MVIIC (N- and P/Q-type VOCC inhib-
itors with ICs, values of 1-100 nm) (Zygmunt and Hogestatt,
1993; Olivera et al., 1994; Hirota et al., 2000). Thus, the vasore-
laxation induced by THC in rat hepatic arteries is unaffected by
calcicludine plus w-conotoxin GVIA plus w-conotoxin MVIIC,
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Figure 5. THC-induced release of CGRP from sensory nerves in rat
mesenteric arteries is dependent on calcium influx. 4, THC (10 uM; n =
5) and caffeine (10 mm; n = 5) release CGRP from rat mesenteric arteries
in PSS (p < 0.001 compared with basal CGRP release; n = 4). When
calcium in the PSS is replaced by 10 um EGTA, caffeine (n = 4) but not
THC (n = 5) still evokes a release of CGRP (p < 0.001 compared with
basal CGRP release; n = 4). B, THC (10 uM; n = 5) and caffeine (10 mm;
n = 5) also release CGRP in Tris-buffer solution (p < 0.001 compared
with basal CGRP release; n = 5). In the presence of 1 mM lanthanum,
caffeine (n = 5) but not THC (n = 5) is able to release CGRP (p < 0.001
compared with basal CGRP release; n = 5). Data are expressed as
mean * SEM.

each at a concentration of 100 nm (THC, pECs, = 6.1 = 0.1;
E..« =98 * 1%; THC plus VOCC inhibitors, pECs, = 6.1 = 0.1;
E ..x = 96 £ 3%;n = 4). Furthermore, in rat mesenteric arteries,
THC induces a significant CGRP release (p < 0.01) that is not
different in the absence or presence of nimodipine plus
w-conotoxin GVIA plus w-conotoxin M VIIC, each at a concen-
tration of 100 nm (basal, 16.3 = 4.3 fmol/mg protein; THC, 111 =
17 fmol/mg protein; THC plus VOCC inhibitors, 117 * 18
fmol/mg protein; n = 5).

Activation of glutamate receptors, which are present on sen-
sory nerves (Li et al., 1997; Carlton and Coggeshall, 1999), is
another possibility by which THC may cause calcium influx and
subsequent neurotransmitter release. However, 3 um MK-801
and 300 um CNQX, inhibitors of ionotropic glutamate receptors
(Castellano et al., 2001; Lerma et al., 2001), do not suppress the
relaxation evoked by THC in rat mesenteric arteries (THC,
pECso = 6.5 £ 0.1; E, ., = 97 * 1%; THC plus MK-801, pECs,, =
6.7 £ 0.2, E, . = 98 = 2%; THC plus CNQX, pEC;5, = 7.2 = 0.1;
E. . = 100 = 0%; n = 4). In fact, THC is more potent in the
presence than in the absence of CNQX (p < 0.05). Glutamate (1
mMm) does not relax mesenteric arteries, although the arterial seg-
ments respond to subsequent application of THC (n = 3).

The possibility that protein kinases mediate the THC-induced
release of CGRP was also explored. We tested the effect of the
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Figure 6. The effect of THC on perivascular sensory nerves does not
involve protein kinases A and C. 4, THC (10 um) evokes CGRP release
in rat hepatic arteries in both the absence and presence of the nonselec-
tive protein kinase inhibitor staurosporine (3 um; p < 0.001 compared
with basal CGRP release; n = 6). B, The protein kinase C activator PDBu
releases CGRP from rat hepatic arteries in the absence (p < 0.01; n = 6)
but not in the presence of 100 nM staurosporine (n = 5) compared with
basal CGRP release (n = 6). C, PDBu elicits concentration-dependent
relaxations in rat hepatic arteries contracted with phenylephrine. How-
ever, PDBu cannot relax arteries pretreated with 10 uM capsaicin (@®; n =
5) or in the presence of 3 um 8-37 CGRP (W; n = 5). D, PDBu-induced
vasorelaxations are also prevented by 1 uMm ruthenium red (l; n = 5)
and partially inhibited by 3 uM capsazepine (@®; n = 6). For clarity, the
same controls (O) are shown in C and D (n = 7). Data are expressed as
mean * SEM.

nonselective protein kinase inhibitor staurosporine, which acts on
both protein kinases A and C (Ruegg and Burgess, 1989), on the
ability of THC and the protein kinase C activator PDBu to
release CGRP in rat hepatic arteries. THC (10 um) induces a
significant and almost identical CGRP release in the absence and
presence of 3 uM staurosporine (Fig. 64). At 100 nm, staurospor-
ine completely inhibits the CGRP release induced by 1 um PDBu
(Fig. 6B). In rat hepatic arteries, PDBu induces concentration-
dependent relaxations, which are abolished by 3 um 8-37 CGRP
or by pretreatment with 10 uMm capsaicin (Fig. 6C). The vasore-
laxations are also completely inhibited by 1 um ruthenium red
(Fig. 6D). Capsazepine (3 uMm) reduces the potency of PDBu
(PDBu, pECs, = 8.2 = 0.1; PDBu plus capsazepine, pECs, =
8.0 = 0.1; n = 6-7; p = 0.055) and the maximal vasorelaxation
induced by PDBu (PDBu, E ., = 97 = 3%; PDBu plus capsaz-
epine, E, ., = 63 = 7%; n = 6-7; p = 0.0017) (Fig. 6D). No
vasorelaxation is obtained with 4a-PDBu (1-100 nM; n = 6),
which does not activate protein kinase C (Blumberg, 1980).

DISCUSSION

This study describes a novel effect of THC and cannabinol on
capsaicin-sensitive primary sensory nerves. The effect of these
cannabinoids, which are active at submicromolar concentrations,
is not mediated by known cannabinoid receptors, because CB,
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receptor antagonists are without inhibitory effect and, as shown
previously, the CB,/CB, receptor agonists HU-210, CP 55,940,
and WIN 55,2128-372 cannot elicit capsaicin-sensitive vasorelax-
ation (Plane et al., 1997; Zygmunt et al., 1999). The presence of
an intact C11 methyl group seems to be crucial for activity,
because oxidation or lack of this methyl group results in inactive
compounds, such as 11-OH-A°-THC, A°-THC-11-oic acid, HU-
210, and CP 55,940. The ability of THC and cannabinol to
activate sensory nerves is not related to their psychotropic activ-
ity, because the psychotropic cannabinoids 11-OH-A°-THC, HU-
210, CP 55,940, and WIN 55,2128-372 do not evoke capsaicin-
sensitive vasorelaxations. Furthermore, cannabinol, which is a
weak CB,; receptor agonist and has little or no psychotropic
activity (Pertwee, 1988; Rhee et al., 1997), is as potent as THC at
eliciting vasorelaxation in the present study. This structure—
activity relationship is also not consistent with the theory of
alterations in membrane fluidity being the key activation mecha-
nism (Pertwee, 1988).

We found that the effect of THC on sensory nerves is depen-
dent on extracellular calcium and inhibited by the noncompetitive
vanilloid receptor blocker ruthenium red (Amann and Maggi,
1991; Caterina et al., 1997). Interestingly, the endogenous can-
nabinoid anandamide induces calcium influx in sensory neurons
via activation of vanilloid receptors (Zygmunt et al., 1999; Smart
et al., 2000). A recent study shows that cannabidiol, a naturally
occurring nonpsychotropic cannabinoid having anti-inflammatory
properties (Srivastava et al., 1998; Malfait et al., 2000), activates
vanilloid receptors on sensory neurons (Bisogno et al., 2001).
However, our experiments with VR1 gene knock-out mice clearly
show that the molecular target for THC is distinct from the VRI1.
The vanilloid receptor-like (VRL-1) channel is also expressed in
sensory ganglia and displays a pharmacology similar to that of the
putative THC-activated receptor/ion channel (Caterina et al,
1999). However, THC does not induce calcium transients in
human embryonic kidney 293 cells expressing VRL-1 (P. M.
Zygmunt and D. Julius, unpublished observations), and it is
unclear whether VRL-1 is present on capsaicin-sensitive sensory
neurons (Caterina et al., 1999). VR1 and VRL-1 belong to the
family of transient receptor potential (TRP) ion channels, all of
which are permeable to monovalent cations and calcium ions
(Clapham et al., 2001). In addition to VR1 (TRPV1) and VRL-1
(TRPV2), TRPV4, TRPVS, and TRPV6 are sensitive to ruthe-
nium red (Clapham et al., 2001; Hoenderop et al., 2001). Inter-
estingly, TRPV4 and the recently cloned menthol receptor
(TRPMBS) are present on sensory nerves (Clapham et al., 2001;
McKemy et al., 2002; Peier et al., 2002). Therefore, it would
not be surprising if a member of the TRP ion channel family
mediates the CB,/CB, receptor-independent effect of THC and
cannabinol.

VOCCs represent an important calcium influx pathway in sen-
sory neurons, and bradykinin and prostaglandin E, (PGE,) cause
the release of sensory neuropeptides via activation of N-type
VOCCs (Geppetti et al., 1990; Evans et al., 1996; Lundberg, 1996;
White, 1996). However, inhibitors of common neuronal VOCCs
are without effect on both CGRP release and vasorelaxation
evoked by THC, excluding the involvement of neuronal VOCCs
of the N-, L-, and P/Q type in the action of THC. Ionotropic
glutamate receptors not only are present on primary sensory
neurons (Carlton and Coggeshall, 1999) but also may mediate
release of CGRP from such nerves (Jackson and Hargreaves,
1999). However, inhibitors of glutamate receptors did not sup-
press the action of THC in the present study. Instead, one of these
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inhibitors (CNQX), acting on non-NMDA glutamate receptors
(Lerma et al., 2001), potentiated the THC-induced relaxation.
Additional studies are needed to clarify the mechanism behind
this effect, but one possibility could be that tonic glutamate
receptor activity suppresses the THC signal pathway in sensory
neurons. Indeed, activation of non-NMDA receptors can lead to
a decrease in calcium influx and neurotransmitter release (Lerma
et al., 2001). Metabotropic glutamate receptors are also present
on sensory neurons (Li et al., 1997). Activation of these receptors
releases calcium from caffeine- and ryanodine-sensitive intracel-
lular calcium stores, which can lead to activation of protein kinase
C (Chavis et al., 1996; Conn and Pin, 1997). Caffeine-induced
calcium release from these stores triggers the release of CGRP
(present study) and is inhibited by ryanodine or dantrolene (each
at 10 um) in rat dorsal root ganglion neurons (Usachev et al.,
1993). However, the involvement of metabotropic glutamate re-
ceptors in THC-induced responses is unlikely, because glutamate
could not mimic the action of THC. Also, THC, but not caffeine,
was unable to release CGRP in the absence of extracellular
calcium, and inhibition of the ryanodine receptor channel by
ryanodine or dantrolene was without effect on THC-induced
vasorelaxation. Together, these findings show that although ru-
thenium red is an inhibitor of VOCCs (Hamilton and Lundy,
1995; Cibulsky and Sather, 1999) and the ryanodine receptor
channel (Ma, 1993), inhibition of these channels cannot explain
the ability of ruthenium red to block the response to THC and
cannabinol in the present study.

Protein kinases A and C are believed to play an important role
in pain signaling (Malmberg et al., 1997; Cesare et al., 1999).
Phorbol esters, such as PDBu and phorbol 12-myristate 13-
acetate, activate protein kinase C and release substance P and
CGRP from rat dorsal root ganglion neurons and skin sensory
nerves (Ruegg and Burgess, 1989; Barber and Vasko, 1996;
Kessler et al., 1999). In agreement with these studies, we found
that PDBu triggers the release of CGRP from sensory nerves,
leading to vasorelaxation. This PDBu-induced CGRP release is
prevented by the protein kinase C inhibitor staurosporine. In
contrast, THC does not act via protein kinase C, because its
CGRP-releasing effect was unaffected by staurosporine even at a
concentration 30 times higher than that used to inhibit the effect
of PDBu. Protein kinase C can also sensitize sensory neurons and
vanilloid receptors to inflammatory mediators (Cesare et al.,
1999; Premkumar and Ahern, 2000; Vellani et al., 2001). Inter-
estingly, we found that the competitive vanilloid receptor antag-
onist capsazepine produces only a small inhibition of the PDBu-
induced relaxation, whereas ruthenium red completely blocks the
response. This could indicate that PDBu, via a protein kinase
C-dependent mechanism, activates the same ruthenium red-
sensitive pathway as THC, which raises the possibility that the
putative cannabinoid receptor/ion channel is affected by inflam-
matory mediators and phospholipase C activation. It is unlikely
that the capsazepine-sensitive component of the PDBu-induced
relaxation is attributable to a direct effect of PDBu on vanilloid
receptors, because PDBu does not bind to VR1 (Chuang et al.,
2001), and its release of CGRP was abolished by staurosporine in
the present study. Staurosporine binds to and inhibits a variety of
kinases, including protein kinase A (Ruegg and Burgess, 1989;
Herbert et al., 1990), which has been proposed as a mediator of
PGE,- and anandamide-induced enhancement of sensory neu-
ropeptide release, possibly via phosphorylation of the vanilloid
receptor (Hingtgen et al., 1995; Lopshire and Nicol, 1998; Cesare
etal., 1999; De Petrocellis et al., 2001). However, the lack of effect
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of staurosporine on THC-induced CGRP release also excludes a
role for cAMP-activated protein kinase A in this response.

The present study shows that THC and cannabinol cause re-
lease of sensory neuropeptides and vasorelaxation. Although they
act on a molecular target distinct from VRI1, these drugs have an
effect on primary sensory nerves similar to those of capsaicin and
other vanilloid receptor agonists (Szallasi and Blumberg, 1999;
Zygmunt et al., 1999). These latter drugs are known to produce
paradoxical analgesia via calcium influx and desensitization of
sensory nerves (Szallasi and Blumberg, 1999; Urban et al., 2000).
Whether such a mechanism contributes to the analgesic effects of
THC remains to be determined. In conclusion, we have described
a previously unknown action of THC and cannabinol on primary
sensory nerves. Our findings are compatible with the existence of
a novel cannabinoid receptor/ion channel, possibly belonging to
the TRP ion channel family, which could be targeted by future
analgesic and anti-inflammatory drugs devoid of psychotropic
effects.
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